In mammals, two homologous cytosolic regulatory proteins, iron regulatory protein 1 (also known as IRP1 and Aco1) and iron regulatory protein 2 (also known as IRP2 and Ireb2), sense cytosolic iron levels and posttranscriptionally regulate iron metabolism genes, including transferrin receptor 1 (TfR1) and ferritin H and L subunits, by binding to iron-responsive elements (IREs) within target transcripts. Mice that lack IRP2 develop microcytic anemia and neurodegeneration associated with functional cellular iron depletion caused by low TfR1 and high ferritin expression. IRP1 knockout (IRP1 ؊/؊ ) animals do not significantly misregulate iron metabolism, partly because IRP1 is an iron-sulfur protein that functions mainly as a cytosolic aconitase in mammalian tissues and IRP2 activity increases to compensate for loss of the IRE binding form of IRP1. The neurodegenerative disease of IRP2 ؊/؊ animals progresses slowly as the animals age. In this study, we fed IRP2 ؊/؊ mice a diet supplemented with a stable nitroxide, Tempol, and showed that the progression of neuromuscular impairment was markedly attenuated. In cell lines derived from IRP2 ؊/؊ animals, and in the cerebellum, brainstem, and forebrain of animals maintained on the Tempol diet, IRP1 was converted from a cytosolic aconitase to an IRE binding protein that stabilized the TfR1 transcript and repressed ferritin synthesis. We suggest that Tempol protected IRP2 ؊/؊ mice by disassembling the cytosolic iron-sulfur cluster of IRP1 and activating IRE binding activity, which stabilized the TfR1 transcript, repressed ferritin synthesis, and partially restored normal cellular iron homeostasis in the brain.
I
ron regulatory proteins (IRPs) regulate cellular iron homeostasis by binding to RNA stem-loops known as ironresponsive elements (IREs) found within transcripts that encode iron metabolism proteins (reviewed in refs. 1 and 2). For instance, IRP binding to the IRE at the 5Јend of ferritin H or L transcripts represses ferritin translation, whereas IRP binding to IREs in the 3ЈUTR of TfR1 and one isoform of the metal transporter DMT1 stabilizes the mRNA (3).
IRP1 is a bifunctional protein that alternates between two forms: In iron-replete cells, IRP1 contains a cubane iron-sulfur cluster and functions as a cytosolic aconitase that interconverts citrate and isocitrate (4) , whereas upon loss of its redox-sensitive iron-sulfur cluster, IRP1 undergoes a significant conformational change that enables it to bind to IREs (5) . In animal tissues, most IRP1 contains an intact iron-sulfur cluster and functions mainly as an active aconitase. IRP1
Ϫ/Ϫ animals do not exhibit significant misregulation of iron metabolism, and thus far, no significant phenotypes attributable to loss of cytosolic aconitase have been identified (6) .
In contrast, animals that lack IRP2 (IRP2 Ϫ/Ϫ ) develop mild microcytic anemia (7, 8) and progressive adult-onset neurodegeneration, as evidenced by axonal degeneration in the central nervous system (9, 10) and compromise of motor capabilities revealed by diminished performance on the hang test (9, 10) and on the rotarod test (11) . Although one group did not observe neuropathological changes (11) , both groups that generated IRP2 Ϫ/Ϫ mice reported significant impairments of motor ability using either the hang test or the rotarod, and both groups observed markedly decreased grooming activity in IRP2 Ϫ/Ϫ mice (9, 11, 12) . Ferritin levels are abnormally high in tissues of IRP2 Ϫ/Ϫ animals, whereas TfR1 levels are abnormally low (6) , and increased ferritin and decreased TfR1 levels are present in brain tissues (9, 11, 12) . Notably, IRP2 Ϫ/Ϫ animals that also lack one IRP1 allele show greater misregulation of IRP target transcripts along with increased severity of anemia and neurodegenerative disease, indicating that the small fraction of IRP1 that has IRE binding activity contributes to regulation of intracellular iron metabolism (10, 12) . Consistent with the notion that the IRE binding activity of IRP1 is important in iron homeostasis, levels of IRP2 show a compensatory increase in cells and tissues of IRP1 Ϫ/Ϫ animals (6, 13), and developing embryos that lack both alleles of IRP1 and IRP2 (IRP1 Ϫ/Ϫ IRP2 Ϫ/Ϫ ) do not survive beyond the blastocyst stage of development (14) .
Because our previous studies indicated that IRP1 Ϫ/Ϫ animals were able to maintain normal iron metabolism primarily because IRP2 compensated for the loss of IRP1 (6, 13), we have been puzzled as to why IRP1, which is abundant in most tissues, does not compensate for the loss of IRP2 by converting from the cytosolic aconitase form to the IRE binding form. Our previous studies indicated that the iron-sulfur cluster of IRP1 was relatively stable at the low oxygen concentrations of most mammalian tissues (13) and that IRP1 was much less sensitive to changes in the iron status of mammalian tissues than IRP2.
As the iron-sulfur cluster of IRP1 is subject to oxidative disassembly on exposure to nitric oxide donor compounds (15, 16) , we asked whether treatment of animals with a diet supplemented with the stable nitroxide 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, known as Tempol (17) , would have a positive impact on the neurodegenerative disease of IRP2 Ϫ/Ϫ animals. Tempol has been used as a scavenger of free radicals in several mouse models, and dietary Tempol supplementation resulted in decreased risk of developing cancer in Atm mutant mice (18) and in Fanconi anemia mice (19) . In IRP2 Ϫ/Ϫ mice, we observed that progression of neuromuscular compromise was markedly diminished in animals maintained on a Tempolsupplemented diet compared with IRP2 Ϫ/Ϫ animals maintained on an unsupplemented diet. However, unlike the other mouse models in which Tempol has been therapeutically effective, we could not find evidence for free radical damage in IRP2 Ϫ/Ϫ mice. Instead, we observed that IRP1 was converted from the aconitase to the IRE binding form in extracts from the cerebellum, forebrain, and brainstem of mice maintained on a Tempolsupplemented diet. We suggest that Tempol treatment prevented progression of symptoms in IRP2 Ϫ/Ϫ mice because it activated the latent IRE binding activity of IRP1 and thereby allowed restoration of normal iron homeostasis in the central nervous system.
Results and Discussion
The neurodegeneration of IRP2 Ϫ/Ϫ mice is characterized by progressive loss of motor capabilities, as measured by performance on hang tests (9, 10) and rotarod testing (11) , decreased grooming activities (9, 11) , and gait abnormalities in adult animals (9, 10) . To quantitatively assess the progression of neurodegeneration, we used the hang test, which gauges the severity of neuromuscular compromise by measuring the length of time that a mouse can hang on to an inverted wire mesh before falling (up to a maximum of 60 sec) (20, 21) . The hang test was performed at periodic intervals on cohorts of aging mice. The ability of IRP2 Ϫ/Ϫ mice to maintain their grip after inversion of the wire mesh diminished progressively as animals grew older and was significantly worse (P ϭ 0.015) in IRP2 Ϫ/Ϫ mice compared with wild-type mice [ Fig. 1A and supporting information (SI) Movie S1, a movie demonstration of the performance of wild-type and IRP2 Ϫ/Ϫ mice on the hang test]. As the neurodegeneration of IRP2 Ϫ/Ϫ animals progresses slowly in aging animals, we attempted to prevent disease progression by feeding wild-type, IRP2
Ϫ/Ϫ , and IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ animals a diet supplemented with Tempol, a stable nitroxide that has been shown to have protective effects in ischemic stroke, cardiac reperfusion injury, and animal models of Parkinson's disease (22, 23) . IRP2 Ϫ/Ϫ mice fed a diet supplemented with Tempol did not develop the motor disorders, tremors, abnormalities of gait and grooming, or compromised performance on the hang test (Fig. 1 A) characteristic of untreated aging IRP2 Ϫ/Ϫ mice. Whereas the performance of wild-type mice on the hang test was not significantly affected by Tempol supplementation (Fig. 1B) , the hang test results indicated that IRP2 Ϫ/Ϫ mice maintained on a diet supplemented with Tempol were significantly (P ϭ 0.009) protected from progressive loss of neuromuscular capability (Fig. 1C) .
Although Tempol is generally assumed to function as a free radical scavenger that provides therapeutic benefit by alleviating oxidative stress (22) , multiple assays for oxidative stress in our IRP2 Ϫ/Ϫ animals, including lipid oxidation, DNA oxidation (8-hydroxyguanine assays), and protein oxidation assays did not indicate that oxidative stress had an important role in disease progression (data not shown). Because there was no evidence that radical scavenging accounted for the neuroprotective effect of Tempol on IRP2 Ϫ/Ϫ mice, we then asked whether Tempol had a positive effect on activity and/or expression of iron metabolism genes, including IRP1, TfR1, and ferritin in IRP2-deficient cells. Notably, the IRE binding activity of IRP1 in IRP2 Ϫ/Ϫ embryonic fibroblasts cultured in Tempol-supplemented media (300 M or 1 mM) increased markedly with increased Tempol concentrations in cells grown in media that was not supplemented with additional iron ( Fig. 2A , first row) or was supplemented with 300 M ferric ammonium citrate (FAC) (Fig. 2B , first row). The total concentrations of Tempol achieved in the heart, adipose, brain, kidney, and blood of mice maintained on the Tempolsupplemented diet for 2 weeks were (in M) 40.1 Ϯ 22.6, 12.6 Ϯ 3.7, 16.8 Ϯ 8.1, 232.9 Ϯ 59.9, and 91.9 Ϯ 19.9, respectively. The increase in IRE binding activity correlated with increased TfR1 levels and decreased ferritin expression in cells grown in normal media with the indicated Tempol additions (Fig. 2 A) and in media supplemented with FAC and Tempol (Fig. 2B ) and occurred without significant changes in IRP1 protein levels ( Fig.  2 A and B) . Tempol-induced increases in IRE binding activity and TfR1 levels and decreases in L-ferritin (L-Ft) levels were significant and reproducible (Fig. 2C) . Taken together, these results suggested that Tempol treatment allowed cells to compensate for the loss of IRP2 by activating the latent IRE binding activity of IRP1, thus reversing the misregulation of TfR1 and ferritin.
To determine whether Tempol increased the IRE binding activity of IRP1 in vivo, we compared the IRE binding activity of IRP1 in lysates made from various brain regions of IRP2 Ϫ/Ϫ animals that were either maintained on a control diet or on the same diet supplemented with Tempol. In lysates from the cerebellum, brain stem, and forebrain, IRE binding activity markedly increased in Tempol-supplemented mice (Fig. 3 A, top row, and B Left). Furthermore, TfR1 protein levels also increased substantially, as expected when IRE binding activity increases, whereas IRP1 levels did not significantly change in the same brain regions (Fig. 3 A and B) . Consistent with the observed increase of IRE binding activity induced by Tempol, ferritin levels decreased in the brains of IRP2 Ϫ/Ϫ animals fed a diet supplemented with Tempol. In IRP2 Ϫ/Ϫ animals maintained on the Tempol diet, ferritin levels decreased markedly in cerebellar lysates, whereas ferritin levels did not significantly change in wild-type mice on the Tempol-supplemented diet (Fig. 4 A  and B) . In addition, immunohistochemical analyses of mice on the Tempol diet demonstrated that ferritin expression decreased in the hippocampus (Fig. 4C) and cortex (Fig. 4D ) of IRP2 Ϫ/Ϫ mice. As reported (9, 10), increased ferritin expression correlated with increased ferric iron sequestration in oligodendrocytes and in the cerebellar white matter tracts of IRP2 Ϫ/Ϫ animals. Notably, IRP2
Ϫ/Ϫ animals maintained on the Tempol diet had less detectable ferric iron than those on a control diet, as determined by the enhanced Perls' 3,3Ј-diaminobenzidine (DAB) stain on the cerebellar folia and striatal regions of the brain (Fig. 4 E and F) .
The increase in the IRE binding activity of IRP1 occurred without significant changes in IRP1 protein levels (Fig. 2) , suggesting that Tempol treatment promoted disassembly of the iron-sulfur cluster of cytosolic aconitase to generate the IRE binding form of IRP1. To assess the status of the iron-sulfur cluster of IRP1, we performed in-gel aconitase assays to determine whether Tempol decreased the activity of cytosolic aconitase (24) . The band that represented the cytosolic aconitase in mouse embryonic fibroblasts was readily identified by its absence in lysates from IRP1 Ϫ/Ϫ cells (Fig. 5A ). To further demonstrate the specificity of the in-gel aconitase assay, examples of this assay from mouse tissues and cells are shown in Fig. S1 . Notably, Tempol treatment diminished the activity of cytosolic aconitase in lysates from wild-type and IRP2 Ϫ/Ϫ embryonic fibroblasts (Fig. 5A) , consistent with previous observations that small redox molecules, such as nitric oxide, O 2 Ϫ , and ascorbate, can react with the iron-sulfur cluster of the cytosolic aconitase, leading to loss of the iron-sulfur cluster and conversion to the IRE binding form of IRP1 (15, 16) . Also, in mouse embryonic fibroblasts, mitochondrial aconitase activity was much less affected, consistent with reports that access of Tempol to mitochondria is relatively restricted, whereas modification of Tempol by conjugation of a lipophilic cation forms a compound, MitoTempol, that has greater access to mitochondria (25) . To determine whether the effect of Tempol on IRP1 activity was kinetically consistent with oxidative disassembly of the iron-sulfur cluster, we compared the effects of Tempol to those of the iron chelator deferoxamine mesylate (DFO), which activates IRE binding activity of IRP1 by limiting de novo synthesis and repair of the iron-sulfur cluster in IRP1. Both Tempol and DFO activated the IRE binding activity of IRP1 in mouse embryonic fibroblasts (Fig.  5B ) and in a human embryonic kidney (HEK) cell line that overexpresses myc-tagged IRP2 (26) (Fig. 5C ) after 16 h treatments. However, the activation of IRE binding activity and loss of cytosolic aconitase activity in human cell lines induced by Tempol was readily reversed within 2-4 h after removal of Tempol (Fig. 5C Upper, lanes  7 and 11) , whereas little recovery of cytosolic aconitase activity was discernible even when activity was assessed 8 h after removal of DFO (Fig. 5C Upper, lane 4) . The difference in the rate of iron-sulfur-cluster recovery indicated that Tempol and DFO activated IRP1 by distinct mechanisms. The slower recovery of aconitase activity in DFO-treated cells supports the notion that the iron-sulfur cluster of IRP1 was disassembled by Tempol but was readily rebuilt when the cluster destabilizing reagent was removed, whereas recovery of cytosolic aconitase activity after DFO treatment was limited by depletion of intracellular iron and reduced expression of iron-sulfur assembly proteins (24) . Unlike what was observed in mouse embryonic fibroblasts, Tempol treatment also diminished (but did not abolish) mitochondrial aconitase activity in the HEK cell line. As observed in Fig. 5C , Tempol also increased expression of IRP2, an observation that is a subject of ongoing studies but is not relevant to treatment of mice that lack IRP2.
To assess whether the effect of Tempol on the iron-sulfur cluster status of IRP1 likely represents a direct chemical disassembly process, we analyzed the effects of Tempol on a synthetic iron-sulfur compound, (Bu 4 N) 2 [Fe 4 S 4 (SEt) 4 ] (27), which contains a [4Fe-4S] cluster that absorbs UV light at 298 nm and visible light at 420 nm. Absorption of the intact iron-sulfur cluster diminished significantly in the sample treated with Tempol, whereas the sample treated with the addition of solvent alone showed little loss of its iron-sulfur cluster (Fig. 5D) (28, 29) .
Thus, it appears that Tempol protects IRP2 Ϫ/Ϫ animals from progression of neuromuscular compromise by activating latent IRE binding activity of IRP1, which partially compensates for the loss of IRP2 by increasing TfR1 expression, decreasing ferritin expression, and improving iron homeostasis in the central nervous system of IRP2 Ϫ/Ϫ animals. Even though there is no reproducibly measurable decrease in brain non-heme iron levels (data not shown), it is likely that functional iron deficiency because of loss of TfR1 and sequestration of iron within ferritin is a major cause of compromise in the central nervous system of IRP2 Ϫ/Ϫ mice. Because ferric iron levels appear to be increased on iron stains, likely because of oxidation and sequestration by ferritin, whereas total non-heme iron levels are not significantly changed, it is likely that levels of bioavailable ferrous iron are decreased. Functional iron deficiency may be a major cause of the characteristic pathology of IRP2 Ϫ/Ϫ mice, including axonal degeneration in numerous areas of the central nervous system (30) .
Although Tempol treatment prevented symptoms of neurodegeneration, treatment with Tempol did not lead to an improvement in the mild anemia of IRP2 Ϫ/Ϫ mice that likely resulted from decreased expression of TfR1 in erythroblasts and decreased bone marrow iron stores (7). The mild anemia of IRP2 Ϫ/Ϫ mice (hematocrit was 46 Ϯ 5 compared with 52 Ϯ 2 for wild type, P ϭ 0.022) did not improve in animals treated with Tempol (hematocrit 46 Ϯ 4 after 8 mo of Tempol diet). To understand why Tempol would fail to correct the iron insufficiency anemia of IRP2 Ϫ/Ϫ mice, we isolated erythroblasts from wild-type animals to assess the relative activities of IRP1 and IRP2 and to determine whether IRP1 could be recruited to the IRE binding form from a latent pool of IRP1 in erythroblasts. IRP1 levels were markedly lower in erythroblasts compared with brain (Fig. 6B) . Gel-shift studies indicated that IRP1 and IRP2 equally contributed to IRE binding activity in erythroblasts (Fig.  6A) . However, treatment of erythroblasts with high concentrations of ␤-mercaptoethanol (2%), which converts IRP1 from the cytosolic aconitase form to the IRE binding form, did not activate additional IRE binding activity of IRP1 in erythroblasts. In contrast, significant increases of IRE binding activity were recruited from brain lysates using ␤-mercaptoethanol treatment ( Fig. 6A) , indicating that developing red cells lack a significant amount of IRP1 in the cytosolic aconitase form that can be converted to the IRE binding form by treatment with Tempol. Thus, Tempol did not correct the anemia of IRP2 Ϫ/Ϫ mice because very little IRE binding activity could be recruited in erythroblasts.
Interestingly, because Tempol treatment prevented progressive motor compromise of the IRP2 Ϫ/Ϫ animals ( Fig. 1C) , we asked whether Tempol treatment could also prevent progression of the disease of IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ mice. As demonstrated, IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ mice have even more pronounced axonal degeneration (10) and clinical compromise than IRP2 Ϫ/Ϫ mice (Fig. 6C Left) . Because IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ mice have only one IRP1 allele, the IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ animals would be expected to have only half the amount of IRP1 that could be activated by Tempol compared with the IRP2 Ϫ/Ϫ mice. Tempol treatment did not significantly (P ϭ 0.559) prevent disease progression in the IRP1 ϩ/Ϫ IRP2 Ϫ/Ϫ mice (Fig. 6C Right) , further supporting the notion that Tempol protects IRP2 Ϫ/Ϫ mice by recruiting the latent IRE binding activity of IRP1. The observation that Tempol-dependent activation of the IRE binding activity of IRP1 correlates with neuroprotection of IRP2 Ϫ/Ϫ mice further underscores the inference that neurodegeneration in IRP2 Ϫ/Ϫ mice results from loss of total IRE binding activity (1, 9, 11, 12) .
Tempol is an attractive potential neuroprotective treatment because it activates IRP1 by a mechanism that does not cause significant free radical stress or iron depletion; in addition, Tempol treatment of control animals did not cause observable side effects and was therefore relatively benign compared with other reagents that could be used to recruit IRE binding activity. Tempol is currently being evaluated for use in humans as a radioprotective reagent (31) . Although human patients with IRP2 deficiency have not yet been identified, we suggest that humans with IRP2 deficiency would be expected to have adult-onset neurodegenerative disease (32) and IRP2 should be evaluated in patients with Parkinson's disease, multiple system atrophy, or amyotrophic lateral sclerosis, who have mild microcytic anemia, elevated serum ferritin, and elevated levels of protoporphyrin IX in red cells. Notably, human IRP2 is located within a small genomic region implicated in the development of lung cancer (33) . The current study suggests that dietary Tempol would be effective against the progression of neurodegenerative diseases associated with IRP2 deficiency. Trials of neuroprotective agents in animal and human studies have been generally disappointing, perhaps because the underlying mechanisms of various forms of neurodegeneration are not well understood and animal models do not faithfully reflect human disease pathogenesis (34) . In IRP2 Ϫ/Ϫ animals, our understanding of pathogenesis and function has permitted critical evaluation of a specific nontoxic agent that prevents symptomatic disease progression by activating the latent activity of a duplicated gene to restore normal iron homeostasis in the brain.
Materials and Methods
Mice. IRP2 Ϫ/Ϫ mice were generated, propagated by breeding, and genotyped (9) as described in SI Materials and Methods. Diet Description. The mice were weaned at 3-4 wks of age. Immediately after weaning, mice were maintained on either the Tempol or control diet as described in SI Materials and Methods.
Assay of Tissue Tempol Concentrations. Female C3H/Hen mice at 9 wks of age were placed on a Tempol diet (10 mg of Tempol/g of food) (Bio-Serv). After 2 weeks on this diet, blood and tissue were collected and wet weight was determined for total Tempol concentration (35) as described in SI Materials and Methods.
Hang Test. The hang test was measured and recorded (20) as described in SI Materials and Methods.
Tissue and Lysate Preparation. Preparations of lysates for assays were performed anaerobically as described in SI Materials and Methods.
Cells. Embryonic fibroblasts (9), the myc-tagged HEK293 Tet-on cell line (26) , and erythroblasts were prepared as described in ref. 7 .
RNA Mobility Shift Assays. Gel retardation assays were performed (6) as described in SI Materials and Methods.
Western Blot Analysis and Antibodies. Protein analysis (9) was as described SI Materials and Methods. Aconitase Assay. Aconitase activity gels for human lysates were performed as described in ref. 24 and with modifications, as described in SI Materials and Methods. Statistics. We tested differences between means of hang-time by using a paired Student's t test. Results with P Ͻ 0.05 were considered statistically significant. 
